Cytoplasmic membrane fragments of Micrococcus luteus catalyze in vitro biosynthesis of teichuronic acid from uridine diphosphate D-glucose (UDP-glucose), uridine diphosphate N-acetyl-D-mannosaminuronic acid (UDP-ManNAcA), and uridine diphosphate N-acetyl-D-glucosamine. Membrane fragments solubilized with Thesit (dodecyl alcohol polyoxyethylene ether) can utilize UDP-glucose and UDP-ManNAcA to effect elongation of teichuronic acid isolated from native cell walls. When UDP-glucose is the only substrate supplied, the detergent-solubilized glucosyltransferase incorporates a single glucosyl residue onto each teichuronic acid acceptor. When both UDP-glucose and UDP-ManNAcA are supplied, the glucosyltransferase and the N-acetylmannosaminuronosyltransferase act cooperatively to elongate the teichuronic acid acceptor by multiple additions of the disaccharide repeat unit. As shown by polyacrylamide gel electrophoresis, lowmolecular-weight fractions of teichuronic acid are converted to higher-molecular-weight polymers by the addition of as many as 17 disaccharide repeat units.
Cytoplasmic membrane fragments of Micrococcus luteus catalyze in vitro biosynthesis of teichuronic acid from uridine diphosphate D-glucose (UDP-glucose), uridine diphosphate N-acetyl-D-mannosaminuronic acid (UDP-ManNAcA), and uridine diphosphate N-acetyl-D-glucosamine. Membrane fragments solubilized with Thesit (dodecyl alcohol polyoxyethylene ether) can utilize UDP-glucose and UDP-ManNAcA to effect elongation of teichuronic acid isolated from native cell walls. When UDP-glucose is the only substrate supplied, the detergent-solubilized glucosyltransferase incorporates a single glucosyl residue onto each teichuronic acid acceptor. When both UDP-glucose and UDP-ManNAcA are supplied, the glucosyltransferase and the N-acetylmannosaminuronosyltransferase act cooperatively to elongate the teichuronic acid acceptor by multiple additions of the disaccharide repeat unit. As shown by polyacrylamide gel electrophoresis, lowmolecular-weight fractions of teichuronic acid are converted to higher-molecular-weight polymers by the addition of as many as 17 disaccharide repeat units.
Teichuronic acid of Micrococcus luteus is a cell wall polysaccharide, covalently linked to peptidoglycan, which consists of alternating D-glucose and N-acetyl-D-mannosaminuronic acid (ManNAcA) residues (9) . The disaccharide repeat unit has the structure -*4)-p-D-ManNAcAp-(1--6)-a-D-Glcp-(1-(2, 7). Teichuronic acid is readily liberated from cell walls by cleavage of the phosphodiester bond by which it is linked to peptidoglycan (1, 3) . Analysis of purified teichuronic acid by polyacrylamide gel electrophoresis reveals a ladderlike banding pattern, each band of which differs from its two nearest-neighbor bands by one disaccharide repeat unit, as discussed in the accompanying paper (16) .
Biosynthesis of teichuronic acid catalyzed by cytoplasmic membrane fragments of M. luteus requires uridine diphosphate D-glucose (UDP-glucose), uridine diphosphate Nacetyl-D-mannosaminuronic acid (UDP-ManNAcA), and uridine diphosphate N-acetyl-D-glucosamine (6, 8) . Elongation of endogenous teichuronic acid by wall membrane preparations requires only UDP-glucose and UDP-ManNAcA (15) . The transferases which catalyze incorporation of monosaccharide residues can be solubilized with Triton X-100 (13), but Thesit (dodecyl alcohol polyoxyethylene ether) is a more effective solubilizing agent and is compatible with subsequent purification of the glucosyltransferase (4 (10, 14) . UDP-ManNAcA was prepared from UDP-GlcNAc by using a crude extract of Escherichia coli 014:K7:H-(5, 10).
Soluble enzymes. Glucosyltransferase and N-acetylmannosaminuronosyltransferase were solubilized by methods previously described (4) . Briefly, a 3% solution of Thesit was used to extract enzymes from freshly prepared particulate enzyme fraction of M. luteus (13) . Solubilized enzymes were stabilized in 20 mM magnesium acetate-15% glycerol-2 mM 2-mercaptoethanol and stored at -20°C.
Acceptor teichuronic acid. Cell walls were subjected to treatment with 50 mM HCl as previously described (1, 16) to liberate teichuronic acid. After removal of residual cell walls by sedimentation, the supernatant solution was neutralized with 2 M ammonium hydroxide, dialyzed exhaustively against water, and lyophilized. Recovered samples were dissolved in water, titrated to neutrality, diluted to a final concentration of 200 mg/ml, and stored at -20°C.
Low-molecular-weight teichuronic acid was obtained by fractionation of polydisperse teichuronic acid on a Bio-Gel P-30 column (Bio-Rad Laboratories) (16) .
Assay for teichuronic acid synthesis. Glucosyltransferase activity was assayed by incubation of enzyme-containing fractions with UDP-['4C]glucose and acceptor teichuronic acid followed by paper-chromatographic separation of the reaction product (Rf = 0.0) from residual substrate (Rf = 0.2) by the solvent system of isobutyric acid-1 M NH40H (5:3, vol/vol) (4, 6 (8) .
The effect of substrate concentration on glucosyltransferase activity was determined from initial reaction velocities of [14C]glucose incorporation (Fig. 1) . The initial reaction rates were determined from the first 10 min of reaction, although incorporation was linear for nearly 1 h following addition of UDP-[14C]glucose. Maximum reaction velocities were obtained at or above 0.4 mM UDP-glucose ( Fig. 1A ) and 50 mg of teichuronic acid per ml (Fig. 1B) . These data fit expected kinetic theory, with a Km for UDP-glucose of 2.9 x i0-' M`and an apparent Km for teichuronic acid of about 5 x 10-2 M-'. The latter assumes the average chain length of teichuronic acid to be 22 disaccharide repeat units (based on chain length distribution observed by polyacrylamide gel electrophoresis [16] ).
Teichuronic acid as acceptor. During the release of teichuronic acid from cell walls, longer mild acid treatment results in a shift from a range of high-molecular-weight polymers (n = 25 to 45) to that of low-molecular-weight polymer (n = 10 to 25) (16) . Analysis of these samples by proton nuclear magnetic resonance spectroscopy demonstrated that in addition to the release of teichuronic acid, prolonged acid treatment gradually solubilized peptidoglycan (data not shown). These fractions were also tested for their ability to serve as acceptor for the incorporation of glucose. The specific acceptor activity (defined as picomoles of [14C] glucose incorporated per minute per gram of acceptor teichuronic acid) for incorporation of glucose was greatest in the 0-to 30-and 30-to 60-min fractions and decreased with longer duration of mild acid treatment of cell walls (Table 1) . This decrease in specific acceptor activity indicates that teichuronic acid is released from cell walls mainly during the initial 60 min of treatment and that material released by more extensive treatment contains less teichuronic acid and more peptidoglycan fragments. The into teichuronic acid as a function of time in both the absence and presence of UDP-ManNAcA (Fig. 2) . Incubation of solubilized enzymes with teichuronic acid and UDP- glucosyl and ManNAcA residues so that several disaccharide repeat units are added to some teichuronic acid chains.
The products of the above incorporation reactions were examined by polyacrylamide gel electrophoresis followed by autoradiography to determine whether any differences in polymer length could be detected (Fig. 3) . The To establish conclusively that teichuronic acid is being elongated, limiting concentrations of low-molecular-weight teichuronic acid were used in the transferase reaction mixtures. The material used had been fractionated on a Bio-Gel P-30 column and was from a fraction in which three polymer chain lengths predominated. These low-molecular-weight teichuronic acids contained 12 to 14 disaccharide repeat units (16) . The amount of acceptor teichuronic acid added was diminished so that the ratio of substrate to acceptor would favor extensive elongation. Figure 4 shows the extent I J. BACTERIOL. [14C]glucose as the only sugar nucleotide present, the incorporation of glucose soon reached plateau levels which were proportional to the amount of teichuronic acid added as acceptor. Presumably all available acceptor sites were glucosylated early in the reaction, leading to this plateau. In contrast, when UDP-ManNAcA was also present in the incubation mixtures, the incorporation of glucose was linear with incubation time and the extent was 10-to 15-fold greater than in the absence of UDP-ManNAcA. This result is indicative of repetitive addition of disaccharide repeat units resulting in substantial elongation of the polymer chains.
Samples from these reactions were further analyzed by polyacrylamide gel electrophoresis and photochemical silver staining (Fig. 5A) . Both exogenous acceptor teichuronic acid and elongated product teichuronic acid were detected by this means. Samples from the reaction containing UDP- [14C] glucose as the only sugar nucleotide showed no significant change in the intensity or the position of the ladder of bands as a function of incubation time (odd-numbered lanes). In contrast, reactions containing both UDP-[14C]glucose and UDP-ManNAcA showed a gradual shift toward longer polymer chains as the incubation progressed (even-numbered lanes). When acceptor teichuronic acid was most limiting, the ladder of bands was shifted by an average of 14 
DISCUSSION
The detergent-solubilized preparation of glucosyl-and N-acetylmannosaminuronosyltransferases described above has been shown to elongate teichuronic acid polymers by multiple additions of the ManNAcA-glucose disaccharide repeat unit. These findings corroborate and extend our previous findings with wall-membrane enzyme preparations and wall-bound teichuronic acid (15) .
The release of teichuronic acid from cell walls requires considerable care to ensure high yields of active receptor. The acceptor of highest specific activity (based on total mass) is released during the first hour of acid treatment of cell walls. Nearly all of the acceptor activity was removed from the insoluble cell wall residue within 2 h of treatment.
Other experiments concerned with the effect of acidcatalyzed fragmentation of purified teichuronic acid on acceptor activity (data not shown) indicated that specific acceptor activity remained constant despite the fragmentation of teichuronic acid. This suggests that the decrease in specific activity observed for the material released from cell walls during sequential treatment stages is due to dilution by increased amounts of solubilized peptidoglycan which does not serve as an acceptor. This prompts the question of what sites on the acceptor are recognized by the enzymes during elongation of teichuronic acid. Since teichuronic acid specific acceptor activity is not increased with fragmentation (despite assumed liberation of additional sites for elongation), one envisions the involvement of the reducing end (or linkage region) as well as the site of elongation. Modification of the reducing end by a-elimination or aniline derivatization, however, has no measurable effect on incorporation of ['4C]glucose during biosynthesis. The exact mechanism of elongation and recognition of acceptor sites remain to be elucidated.
Incorporation of ['4C]glucose by both high-and low-molecular-weight teichuronic acid demonstrates that all lengths of polymer serve as acceptor. Quantitation of incorporation based on radioactivity (Fig. 4) indicates that several disaccharide repeat units must have been added to each acceptor. Unequivocal visual confirmation was achieved by demonstration of the polymer length distribution by electrophoresis on polyacrylamide gels. The gels show that all teichuronic acid polymers detectable by the silver-staining procedure served as acceptors for incorporation of glucose and that these acceptors could be substantially extended in polymer size when the ratio of substrates to acceptors was favorable for multiple addition of disaccharide repeat units. This demonstration was made possible by the availability of a fraction of low-molecular-weight acceptor teichuronic acid which contained relatively few polymer lengths that could be distinctly resolved by electrophoresis.
Careful inspection of the autoradiogram of Fig. SB shows faint bands of low-molecular-weight teichuronic acid only in reactions containing UDP-ManNAcA. These faint radioactive bands appear to belong to the same ladder of bands as the primary radioactive products and hence are probably teichuronic acid oligomers having fewer disaccharide repeat units. These minor bands may have resulted from fragmentation of labeled teichuronic acid during the incubation or during preparation of the sample for electrophoresis.
